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Proposal of Coded Modulation Schemes Using Product
Codes over Hexagonal Constellations and Its Application to
Wireless Body Area Network
Hirohisa Kitahara
Abstract
Recently, miniaturization of information communication equipment has progressed,
and application to various fields is being attempted. One of those applications is
Wireless Body Area Network (WBAN), which is a communication near the human
body as an applied technology to medical and healthcare.
Small devices used in the vicinity of the human body need to use a small power
supply, and the system needs to save power. In the transmitter, the power efficiency
is the issue at the power amplifier. In general, in order to use a power amplifier
efficiently, it is necessary to use a power amplifier in the vicinity of a saturated
output level with high power efficiency while suppressing fluctuations in the input
signal. However, if the signal level fluctuates, it is necessary to suppress the input /
output level accordingly, and the efficiency decreases. This indicator of signal level
fluctuation is called the peak-to-average power ratio (PAPR).
In this paper, we propose a coded modulation scheme using product codes using
integer codes on a hexagonal lattice as a communication method that suppresses
power fluctuations. The integer codes are suitable to correct nearest neighbor er-
rors, and has a feature suitable for realistic communication that the probability of
error occurrence in the vicinity is higher than that in the distance. In this study,
product codes combined with other codes was performed to improve error correction
capability.
As a result of the simulations, it was confirmed that a higher coding gain than
QAM can be obtained and that power fluctuation can be suppressed. We also ex-
amined the application of the proposed scheme to WBAN. It was confirmed that
the proposed scheme can obtain higher coding gain than the standard scheme of
WBAN. In addition, we measured human body movements using Kinect2, and cre-
ated a time-series analysis model, and calculated fluctuations in time-series propa-
gation characteristics. Then, the time-series fluctuation of Bit Error Rate (BER)
was calculated, and the difference in the characteristics of each part and the fluc-
tuation suppression method were discussed. From this study, it was confirmed that
the proposed scheme can achieve both power efficiency and error rate.
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1.1 ???????
???????????????????????????????
????????????????????????????????
?????????????????????????? Iot(Internet of
Things)??????????????????????????????
????????????????????????????????
????????????????????????????????
??????????Wireless Body Area Network(WBAN)???????
?????IEEE 802.15.6 [1]? SmartBAN [2]????? 1.1???????
???????????????? [1–4]?
WBAN?????????????????????????????
?????????????????????????????????
4
? 1.1: ????????????
??? ZigBee BLE SmartBAN IEEE 802.15.6
??? [MHz] 868 ∼ 915
2400
2400 2400 ∼ 2480
400 MHz?
863 MHz?
902 MHz?
2400 MHz?
UWB?
????
?? 250 kbps 1 Mbps 1 Mbps 10 Mbps
???? BPSK,
OQPSK
GFSK GFSK
GMSK,
DBPSK,
DQPSK,
D8PSK,
UWB(FM-UWB,
On-Off signaling?)
??
?? [dBm] −32 ∼ 0 −20 ∼ 10 - −40 ∼ 10
????
?? [dBm] −85 −70 −50 −95 ∼ 83
????
?? CSMA-CA
FDMA,
TDMA
Scheduled
Channel
Access????
CSMA-CA
slotted ALOHA
Polling
????
?? [m] 100 10 - 2 ∼ 5
5
? 1.1: WBAN??????
?????????????????????? [5,6]????????
?????? [7–9]????????????????????????
????????????? [10,11]????????????? [12,13]?
????????????????????????????????
?????????????????????????????? [14,15]
????????????????????????WBAN?????
????????????????????
???WBAN?????????????????????????
??WBAN????? 1.1????
???????????????????????????????
????????????????????????????????
?????????????????? 1.2??? [16]?
???????????????????????????????
?????????????????????????????????
??????? IEEE802.15.6???400 MHz??800 MHz??900MHz??
? 2400 MHz??????? MHz?? 40 MHz??????????? [1]?
?????????2????????? (Frequency Shift Keying, FSK)?
??2??4??? 8?????????? (Differential Binary/Quadrature/8
Phase Shift Keying, DBPSK/DQPSK/D8PSK)???????? [1]?????
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? 1.2: BAN?????????? [16]
???????????????????????????????
????????????????????????????????
?????????????????????????????? [17]?
????????????????????????????????
???????? [18]????????? LAN???????????
? [19]???????????? 400 MHz??????????????
?????? 2400 MHz?????? 174 - 216 MHz?407 - 425 MHz?608 - 630
MHz????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????? 1.6 mW?
???? 1.8 mW???????? [20]?BAN????????????
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????????????????????????????????
?????????????????????????SmartBAN???
?????????????????????????????????
?????????????? 100 ms? 1 s?????????? [2, 21]?
????????????????????????????30 mAh?
?????? 24????????????????????? [21]??
????????????????????????????CR2032?
????? 225 mAh????? [22]?????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????WBAN?????????????????
?????????????????
1.1.1 ????????????????
???????????????????????????????
??????? [23]???????????????PC???????
?? LAN????????? 1.5 - 2 W???????????????
?????? 500 mW??????1/4?? 1/3????????????
????? [24]?
?????????????? 1.3????????????????
????????? (Field Effect Transistor, FET)???????????
?????????FET??????????????????????
????????????????????????????????
??????????????????????? (1.1)??????
? 1.3: ???????????
8
?????? (Power Added Efficiency, PAE)?ηPAE?????? [24]?
ηPAE =
Po − Pin
PDC
(1.1)
????Pin??????Po??????PDC????????????
??Po? Pin???????????
Gp =
Po
Pin
(1.2)
????Gp??????PAE ηPAE????????????
ηPAE =
GpPin − Pin
PDC
=
Pin(Gp − 1)
PDC
(1.3)
???????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????????PAE ηPAE??????????
??????? (=????Gp)??????????????Pin? PDC
???????????????????????????? [25]?
???????????????????? 2018?????????
????????????NJG1330?PAE ηPAE??32 %??? [26]???
??????????? LAN???????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????? 1.4??????????????? [24]???????
??????????? (1.3)??PAE ηPAE?????????????
??????????????????????????? FET???
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
???????PAE ηPAE ????? [24]??????????????
????????????????????????????????
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? 1.4: ??????????
????????????????????????????????
????????????????????????????????
????????????????????????PAE ηPAE????
?????????????????????????????????
?????? [24]?
1.1.2 ????????????????
????????????????????????????????
????????????????????????????????
???????????? (Minimum-Shift Keying, MSK)???— [27]??
????????????????????????????????
???????????????????????1972???????
?????????????? [28]?????????????????
???????????1????????????????????
????????????????????? (Phase Shift Keying, PSK)
????2?? 1????? 1???????? Binary PSK(BPSK)???
????????????? 2??????1????? 2??????
??Quadrature PSK(QPSK)??? 4??1????? 3????????
8PSK??? 8??????????????????? 1.5(a)-(c)???
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????? [29]?
???????????????????????????????
????????????????????????????????
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(a) (b) (c)
? 1.5: PSK???????????????(a)BPSK?(b)QPSK?(c)8PSK
????????????????????????????????
???? (Quadrature Amplitude Modulation, QAM)?????? [30]???
????????????????????????????????
????????????????????????????????
????PAE??????????????????????????
???????? PAE???????
???????????????????????????????
?????????????? (Peak-toAverage Power Ratio, PAPR)???
??? [31]????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????????????????????? 1.4
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????? PAPR??????????????
???????????????????????PAPR???????
???????????????????????? [30]?
1.2 ???????????????????
????????????????????????? (Amplitude Phase
Shift Keying, APSK)???????????????????????
????????????????????????????????
11
? 1.6: 19????????
APSK?????????????????????????????
????????????????????????????????
????????????????????????? 2??????
??????????? PAPR??????????????????
?????????????????
????????????????? (Product Code, PC)??????
??????????????????????? 1.6????????
????????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????
???????????????????????????????
????????????? r??????????N ??? (1.4)??
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????
N = 1 + 6
r∑
k=1
k (1.4)
????????????????????? 2?????????
?????PSK?QAM??????????????????????
????????????????????????????????
??????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????????????
???????????????????????????????
????????????????????????????????
??????????? [32]???????????????????
????????????????????????????????
?????????????????????? [33]????????
????????????????????????????????
????
???????????8PSK? 16QAM?64QAM?256QAM????
m-QAM???? [33]????? 1.6?????? 19?????????
??? 37????????????? [34]?????????????
????????????????????????????????
???????????????????????????????
????????????????????????????????
???????????????????????????????
? [35–37]????????????????????????????
????????????????????????????????
???????????????????? [38]??????????
? [35]??????????????????? 2??????????
??????????????????????????????
?????????????????????????QAM????
??????? (Bit Error Rate, BER)? PAPR????????????
????????????????????????????????
13
??????????????????Microsoft??Kinect2?????
?????????????????????????????? BER
????????
1.3 ??????
????????????????
• 2??????????????????????????????
????????????????
• 3????????????????????
• 4?????????????????????????????
???????
• 5??????????????????????
• 6????WBAN????????????
• 7???????????????
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?2? ?????????????
??
???????????????????????????????
???????????????????
2.1 ????????????????????
?????? (APSK)??????????PSK?????? 2.1?? 2.2
???????????????????????????????
? [31]??????????????????? 8??? 16??????
????????????????????????????????
????????????????????????????????
?? LAN????????????????????????????
????????QAM??????????????? LAN????
?? IEEE802.11.ac???16QAM?64QAM?? 256QAM????????
? [39]?????????????????????????????
????????????????????????????????
????????????????????????????????
?????????16QAM???? 2.3??? 3??????????
?????????????? 2.1??? 2.2??? 16APSK? 2????
??????? 1??????APSK????????????????
????????????? PAPR????????????????
??????????QAM??????APSK??? PAPR?????
??????
???APSK????????????1960??C. R. Cahn?????
????????????????? [40]?????????????
??????????????????????APSK?????PAPR
??????????????????? [41]???????????
15
? 2.1: (8 + 8)APSK????????????????????
? 2.2: (4 + 12)APSK???????
? 2.3: 16QAM???????
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??????????????? [42]???????????????
????????????????????????????????
????????????????PAPR???????????????
APSK???????????????? (Lod Density Parity Check, LDPC)
?????????????? (Multilevel coded modulation, MLC)???
??????????????????????????? [43]?APSK
????????????????????????????????
????????????????????????????????
APSK?????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????
2.2 ???????????????????
???????2???????????????????????
????????????????????????????????
????????????? [44]? [45]???????????????
?????1973?? 4???????? 16??????????????
??????? [46]??????2?????????????????
?QAM????????????QAM??????????????
?? (Symbol Error Rate, SER)??????? (Bit Error Rate, BER)????
???? [47, 48]?
???????????????????????????????
??????????????????????????PAPR???
????QAM?????????????????????????
?????????????????????
? 2.4? 1????? 4???????????????? 16????
????????????????????????????????
????????????????????????????????
?????8???????????????????????16???
????????????????????????????????
?????????????????????? 16QAM?????PAPR
17
? 2.4: ?????????? 16???????
?????????????????2???????????????
????????????????????????????????
?????
????????????????????????? 91?????
????????? 1???? 37????????????38?????
2????????????????????????????? [49]?
???????????????????????????????
(Orthogonal Frequency Division Multiplexing, OFDM)???????????
? PAPR??????????????????????64QAM???
???? 91???????????????????????? 1??
37??????????????????38?? 64?????????
?????????????? 91?????????????????
??????
2.3 ????????????????
???????????????????????????????
????????????????Rn????????????????
??????????Conway? Sloane????????????? [50]?
?????????????????????????????????
?? LDPC??????????????????? (Low Density Lattice
Codes, LDLC)????? [51, 52]??????????????????
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????????????????????????????? [53]?
Finite Impulse Response(FIR)??????????????????? [54]
????????????????????????????????
????????????????????????????????
????????????? [55]?????????????????
????????????????????????????????
????????????????????????????????
??????????????
2.4 ???????????????????
???????????????????????????????
??APSK???????????????????????????
?????????????????????????????2???
????????????????????????PAPR?????
????
APSK?????????????????????????????
????????????????????????????????
????????????????????????????????
PAPR??????????????????????????????
????????????????????????????????
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?3? ?????????????
??????
???????????????????????????????
????????????????????????????????
????????????????????????????????
???????????????
3.1 ????
3.1.1 ???????
???????????????????????????????
????????????????????????????????
?????????????????
???? p????????GF (p)????????????????
n???C??n???????????????????????C?
GF (p)??????????
???GF (p)??????m???m× n??H??????????
??????
C = {c ∈ Fnp : cHT = 0} (3.1)
????HT ????H????????????????????H?
??C???????????????? [56]?
????? c ∈ C??????????? e???????? r = c+ e
????????????????? r?????H??????m?
?????????????????????????? s?????
?????????
s = rHT = (c+ e)HT = eHT (3.2)
20
? 3.1: ???????
???????????????? s = e′HT ????????? e′?
????????????????????????????????
? e′???? r??????????????? cˆ??????????
???????
cˆ = r − e′ (3.3)
3.1.2 ????
????????????????????????????????
??????????????????????????????? k??
???????m1,m2, . . . ,mk???????????? rk+1, rk+2, . . . , rn−k
?????? 3.1????????????????????? n???
????????????????????????????????
??????
3.1.3 ?????????????
???????????????????????????????
????????????????????????????????
???????????? 2?BCH?????????????????
???????????? 1???????Lee???????????
GF (q)?????????????????????Lee?????? l
?????????? Lee????????????????????
????????????????????????????????
? Lee???????Z8??????????? 3.2?????????
???????????? Lee???? 1?????????????
21
? 3.2: Lee????
? 3.3: 2????????? Lee????
????? Lee??????????????????? 3.3???? 2?
????????????????????????????????
??? 3.4??????? Lee???????????????????
?????
???????????? 2??????????????????
????????????????????????????????
?????????????19???????? Z19????????
????????????????????????????????
????????????????
???????????????????????????????
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? 3.4: ??? Lee????????????
????????????????????????????????
????????????????????????????????
? 2??????????????????????????????
????????????????????????????????
??????????
3.2 ?????
3.2.1 Lee???Lee?????
????? (Negacyclic Code, NC)???????????????? Lee
??? Lee????????????? p?????????Z????
n? p????? a = (a0, a1, · · · , an−1)? b = (b0, b1, · · · , bn−1)???????
??????? a? Lee??WL(a)?????????? [57]?
WL(a) =
n−1∑
i=0
|min(ai, q − ai)| (3.4)
???? b? Lee????????????????????? a? b
? Lee??DL(a, b)????????? [57]?
DL(a, b) = WL(a− b) (3.5)
????????11?????????? n = 3??????? a? (0
3 9)????? b? (10 7 4)???????????? a?? 1?????
Lee???????? 0????? 2????? Lee????3? 11− 3 = 8
23
????? 3????? 3????? Lee????9? 11− 9 = 2????
? 2?????????????? a? Lee??? 5??????????
?? b???? 1 + 4 + 4 = 9???????????
??????? a????? b? Lee???????????????
??????????????????
(a− b) = (1 7 5) (3.6)
?????????????? Lee???????
min(1, 11− 1) = 1
min(7, 11− 7) = 4
min(5, 11− 5) = 5
(3.7)
?????????? Lee???????????
DL(a, b) = 1 + 4 + 5 = 10 (3.8)
3.2.2 ?????
??? Lee?? t??????????????t? Lee???????
?????????????Berlekamp???????????????
?? [38]?
α?GF (pm)???????n = (pm − 1)/2???????α?GF (p)??
??????G(x)?????????G(x)???????????? n
?????????????
?????????????C(x)?? (3.9)?????????
C(x) = c0 + c1x+ c2x
2 + · · ·+ cn−1xn−1 (3.9)
??????C(x)?????−cn−1+ c0x+ c1x2+ · · ·+ cn−2xn−2?????
???????????????????????C(x)????? (3.10)
?????????????
−cn−1 + c0x+ c1x2 + · · ·+ cn−2xn−2
= C(x)x− cn−1(xn + 1) (3.10)
24
? 3.5: 19???????????????????
???????αn? 2???(αn)2 = αqm−1 = 1?????????αn??
1??????????αn = −1???????????xn + 1??α??
?????????C(x)???G(x)?????????????? (3.10)
????????G(x)????????????????G(x)????
??????????????????????????????
?????????????????????????????−1?
????????????????????????????????
???????????????????????
3.2.3 ???????????????????????
?????????????????????????? [38]????
??????????????????GF (11)??GF (17)?????
????????????????????????????????
???????? 19?? 37??????????????????? 2
???? 11?? 17?????????
??????19????????????????????????
??? 3.5????????????????????
????37??????????????????????????
? 3.6????????????????????
25
? 3.6: 37???????????????????
???????????????????????????????
????? Lee??? 1????????????
3.2.4 19?????????????????????
???????????????????????????19????
????????????????X2 +X + 7?????GF (112)???
???????X2+X +7???α?????α0 = 1?α1 = α?α2 = −α+4?
· · ·?α119 = 3α + 3?α120 = 1?????? p = 11???????? n??
n = (pm − 1)/2?? 5?15?60?665?????? [38]??????????
??? n = 60????
??????????????? 4??? 2???? Lee?? (Lee??
? 2?????)???????Cn11d????????? 6??? 3???
? Lee?????????Cn11t????????????????Cn11d
? Lee??? 2????????????????????? 2???±1
????????????1???±2???????????????
??????????????????????????? 1????
??????? 2????????????????????????
??????????????? 2??±1?????????????
????????Cn11t???? 3??????????????2???
? Lee?????????????????? (3.11)?3???? Lee??
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???????????????? (3.12)???????
Hn11d =
(
1 α1 α2 . . . α59
1 α3 α6 . . . α57
)
(3.11)
Hn11t =
 1 α1 α2 . . . α591 α3 α6 . . . α57
1 α5 α10 . . . α55
 (3.12)
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3.2.5 37?????????????????????
???37??????????????????X2 +X + 3????
?GF (172)??????????????X2 +X + 3??? β?????
β0 = 1?β1 = β?β2 = −β − 3?· · ·?β287 = −6β − 6?β288 = 1????p = 17?
???????????Berlekamp? n = 8, 24, 72, 144?????? [38]??
???????? 19???????????????????????
??n = 72? 4???? Lee?????????Cn17q?????????
??4??±1????????????????????? (3.13)???
??????????? 8????
Hn17q =

1 α1 α2 . . . α71
1 α3 α6 . . . α213
1 α5 α10 . . . α67
1 α7 α14 . . . α209
 (3.13)
3.3 ????
3.3.1 Lee??????
?????????????????????????????Lee?
???????????Lee??? l????????????? Lee??
?????????????? [58,59]????p? pm = q = 4n+ 1, (m ≥ 1)
?????????????bi, (1 ≤ i ≤ l)? l?????? Rl????
?????????ϕ? Zl??GF (q)????????????????
bi????? βi ∈ GF (q)????????????ϕ?????????
ϕ(x) =
∑l
i=1 xiei, (xi ∈ Z)??????ϕ(x) =
∑l
i=1 βixi????
?????????? 2????????????
a ∈ GF (q)?????a? l?? Lee?? ‖a‖??????????
‖a‖ = min
x = (xi) ∈ Zl
ϕ(x) = a
{
l∑
i=1
|xi|} (3.14)
????|xi|??xi(∈ Z)???????????a, b ∈ GF (q)???? Lee
????????????
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dL(a, b) = ‖a− b‖ (3.15)
???GF (qn)????a = (a1, a2, . . . , an)??????????????
?????????
wG(a) =
n∑
i=1
‖ai‖ (3.16)
?????? Lee???????????????????????
????
??????????????? H∞ ???????? n1 = (1, 0)?
n2 = (−1/2,
√
3/2)?n2 = n1 +n3(1/2,
√
3/2)??????????????
????? [60]?
{in1 + jn3|i, j ∈ Z} (3.17)
? ? ? ? ?? ? ? ? ? ? ? ? ? ? x ? ?x = x1b1 + x2b2, (b1, b2 ∈
{±n1,±n2,±n3}??????????????x???? 〈x〉 = min{|x1|+|x2|}
???????????????Huber????????????? [61]?
????????????????????????????????
???????????????????????????
???????????????????????????????
??? [60]?
H =

{(0, 0)} k = 0
{±n1,±n2,±n3
⋃H0 k = 1⋃
x∈Hk−1(x+H1) k ≥ 2
(3.18)
????x+H1 = {x+ z|z ∈ H1}???????Hk, (k ≥ 0)? k????
???????? [60]?
??p? p = 6n+ 1, (n > 1)??????????????α?GF (p)??
???????p = 3k(k+1)+ 1?? k ≥ 0??????Hk???????
?????? Lee????????? φ : Hk → GF (p)?????????
?? [60]?
φ(n1) = 1, φ(n3) = α
2n (3.19)
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???????????GF (p)??? a???? k?? 2??????
? (k ≥ 0)?? a?????????????? [60]?
〈〈a〉〉 = min
x∈Hk:φ(x)=a
〈x〉 (3.20)
3.3.2 ????
???? (Integer Code, IC)??????? 2??????N??????
?? ZN ??????????m×n(m ≤ n)???H?d ∈ ZmN ??? [33]?
??? n?????C(H,d) ⊂ ZnN ?????????
C(H,d) = {c ∈ ZnN | cHT = d mod N} (3.21)
???????????H?????m?d = 0????
????????? r?????????????????? s = rHT
????????????????????????????????
??????????????????????????????8PSK
? 16QAM, 64QAM, 256QAM???? [33]? 19?61?? 127???????
???? [34]??????????????????????????
??????????????????????????????
3.3.3 19????????????
19????????????Z19??? (3.22)???????? (±1,±7,±8)
??????????n = 3?????R = 2/3?????Ci19s?? (3.23)?
??????? (±1,±7,±8)?????????? n = 3?????R = 1/3
?????Ci19d???????? [34]?
Hi19s =
(
1 2 4
)
(3.22)
Hi19d =
(
1 2 4
1 3 9
)
(3.23)
Ci19s??????????????????????????????
??? c1, c2???????? c3????? (3.22)???1 · c1+2 · c2+4 · c3 = 0
30
? 3.7: 19????????????????
???c3 = 14 · c1 + 9 · c2??????????????????????
???????
??????????????????????????? 3.7???
???? [34]??????? 19????????????????? 37
?? 61?????????????????????????????
???????
?????????????????????Ci19s?Ci19d?????
????????????????
???????????Ci19s?Ci19d???????????????
?????????????????????????????Ci19s?
?????? 3?????Ci19d??????? 5???????????
??????????????? (0 0 0)? (0 1 9)????? (0 0 0)? (1 15
16)????????????????????????? 3.8?? 3.9?
?????????????
????????1????????? 0?2???????????
???????? 1?3?????????????? 2???????
???? 2????????? 3????????????1?????
???? 1?2?????? 3?????????????? 2????
??????? 2????????? 5????
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? 3.8: ????????????? (0 0 0 )? (0 1 9)???
? 3.9: ????????????? (0 0 0 )? (1 15 16)???
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? 3.10: 16QAM??????????
???????????????????????????????
???????????
?????????19????????????? 16QAM?????
Z17????????? (±1,±3,±4,±5)?????????? 2????
?Ci17s???????????????H =
(
1 2
)
??? [33]?16QAM?
???????????????? 3.10????????
3.3.4 37????????????
19??????????????????? 37??????????
???37???????????????????? (3.24)?????
?Z37???? (±1,±26,±27)?????????? n = 4????? 1/2?
????Ci37d????? [34]?
Hi37d =
(
1 2 4 8
1 5 25 14
)
(3.24)
37?????????? 3.11????????????????
??????????????????????? 5????????
??????????????????????????? (1 1 20 22)
33
? 3.11: 37????????????????
? (1 2 23 11)????????????
3.3.5 61??????????
???61????????????61?????????? 3.12??
??????????????
Hi61d =
 1 2 4 8 16 32 3 6 12 241 6 36 33 15 29 52 7 42 8
1 18 19 37 56 32 27 59 25 23
 (3.25)
61?????????? (3.25)??????Z61???? (±1,±13,±14)
?????????? n = 10????? 7/10?????Ci61d???? [60]?
????????????????????? 5???????????
???????????????????????
???61?????????????? 64QAM????????64QAM
?????????? (3.26)?????? Z9???? (±1)??????
???? n = 4?????Ci9d???? [33]?
Hi9d =
(
0 1 2 3
3 1 0 2
)
(3.26)
34
? 3.12: 61????????????????
3.4 ??????????
???????? (Reed-Solomon, RS)????1960??Reed? Solomon?
????????????? [62]??????????????? CD?
DVD??????????????????????
???????????????????????????????
????????????????????????????????
?????????????????????? n???????? q?
?????? Fq??????? n??n = q − 1??? [35, 36]?
???????????GF (2x)??????????????????
????????????????????????????????
?????????????????????19??37??? 61???
???????? F19?F37?? F61??????????????
???????19????????????????????????
18?37????????????? 36?61?????????????
60???????????????????????Cr19?Cr37??Cr61
????
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????
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????????????????????????????????
? 3.7?? 3.11??? 3.12???????????????????????
???????????QAM??????????????????
????????????????????????? 16QAM? 64QAM
????????????16QAM??????19??????????
????????Z17????? n = 16???????????????
????????? 3.10????????64QAM??????GF (26)?
???? n = 63???????????Cr26??????????
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?4? ?????????????
???????????????????????????????
??????
4.1 ??????????????
4.1.1 ?????????????????????
??????????????????19?? 37?????????
????????????????????????????????
???????????? [34]??????????????????
?????????????????????QAM?????????
?? 2?????????????2????????????????
????????????????????
?????????19?? 37???????????????????
????????????????????????????????
?????????????? 19?????????????????
? 2???????????????????????????????
???????????????????????? nb????????
?????????? nic????? 2???????????????
?????nic ≥ nb???????????????????????
????????????????????????????????
??????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
37
? 4.1: 16QAM??????????
????????????????????????????????
??? PAPR???????????????????
????????????????????????????????
????????????????????????????????
???????? 1????????????????????? [30]?
????????????? 16QAM?????????????? 4.1
????????????????????????????????
???????????? 1??????????????
???19????????????????????????19??
???????? 2????? 24 = 16???????????????
?? 4??????????????????????????????
??? 6????????????????????????????
????????????????19???????????????
16????? 4?????????????????????????
???????????????? 2????????????????
????????????????? 4???????????????
????????????
???????????????????????M ???????
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?????????????????????????????????
?????????????????N ??????????????
???????????M ????????????????????
??????????????????1?????????????
????????????????????????????????
???????????????????????M ????????
????????????????????????????????
?????????????????????M ??????????
????????????M ???????????????????
???M = 2??????????
???????????N ?????????????????m?
N > 2m?????????????????????????????
??? g?????g = N − 2m????
??:
U = {u0, u1, . . . , ug−1}; // ?????????????????
M ; // ????????????
N ; // ?????
??:
φ : {0, 1, . . . , N − 1}\U → {0, 1}m; // ??????????????????
?????: NULL
????:
i(0 ≤ i ≤ N − 1); // ?????????????
V = {0, 1}m; // ?????????????
Li = {li,0, li,1, . . . , li,h−1}; // ?????? i??????????????
(h ∈ {3, 4, 6})
f ; // ???????? i??????????????????: −1
1. i = 0????
2. i ∈ U ????i? U ????????? i = i + 1?i > N − 1???
Step.7??
3. V???????????????? v????(f == v)????f
???????? v??f ? V?????????????????
39
????Step.6??
4. Li?????????????????????????? v??
??????????1???M ????? f = v??? Step.3??
5. Step.4?Li?????????????????????????
????M ???? φ(i) = v???f = −1?V = V\{v}?
6. i????????? i = i+ 1?? Step.2??????? i? U ???
?????? i = i− 1???f = φ(i)?φ(i) = NULL?? V = V ∪ {f}?
?? Step.3??i = i− 1??? i???????? Step.7??
7. ????????
19??????????????????????????????
?????????????? 4.2?????????????????
?????????????? 4.3?????????????????
???????????? 0?? 15?????????????????
??????????????????????????????? 5?
16?? 17????????????????????????????
?????????????????????????
??????????????????????????? 4???
? 3???????? 3?????? 7????????????????
?????????????????????????????? 3?
? 4.2: 19????????????????????????
40
? 4.3: 19???????????????????????????
??????????????? 2????????????????
???
? 4.2??? 19?????????U = {5, 16, 17}?????????
Step.2?????i = 5????5 ∈ U???????U?????????
??i = i+1??? i = 6???????Step.4?????i = 1??????
????? i = 2???????????? 2???????L2 = {1, 9, 13}
????????????????????????????? 1???
?????????????????? 1?????? (0001)????
????? 37????????????????????????? 4.4
????37?????????????? 0?14?18?19?? 23?????
????????????????????
???????????? U???????????????????
????????????????????????????????
??PAPR????????????????????BER??????
????PAPR??????????????????????????
????????????????????????????????
??19?????? 4.2??????????????????????
??PAPR??????? 5????????????????????
??????
???61???????61???????? 2??????? 32??
??????????????????????????????61?
???????? 4.5??????????????????????
????????????????
41
? 4.4: 37?????????????????
? 4.5: 61?????????????????
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4.1.2 ????????????????
???????????????????????????????
????????????????????????????????
???????19????????GF (11)?37????????GF (17)
??????????????????????? 1????????
???? 3???? 4????????????????? 4.6?? 4.7??
???????????????????
? 4.6??????3??????? 23???????????????
?????????????????????????????? 3?5?9
????????????????????????????????
???????????????????????????? 1???
????????????????????????? 4.7??????
????????? 2??????????? 4???????????
????????????
???????????????????????????????
? Lee??? 1????????????
? 4.6: 19?????????????GF (112)???????????
?????????????????
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? 4.7: 37?????????????GF (172)???????????
?????????????????
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4.2 ???????
??????????????????????????????
???????????????????????????????
????????????????????????????????
????????? 4.8??????????????????????
????????????????????????????????
?????????
????????????????????????????????
1. ??????????????????????????????
???????
2. ????????????????????
3. ??????????????????????????????
????
4. ??????????????????
5. ??????????????????
(n1, k1)?????????????????? (n2, k2)???????
????(n1n2, k1k2)??????????3?????????????
????????????????????????????????
????
? 4.8: ????????
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??????19????????????? 4.1??????????
????????? (000 011 101 111 · · · )?????????????? (1
??)???????????? 3??????????? 4.6?????
????????????????? (2??)????????????
????????????????????????????????
??????????? 4.3?? 4.4????????????????
??????????????3????
? 4.1: ??????????????????????????
??????? 000 011 101 111 · · ·
????????? 0 2 4 6 · · ·
???????? 14 16 2 5 · · ·
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4.3 ??????????
???????????????????????????
1. ?????????????????????
2. ?????????
3. ???????????????????????????????
4. ???????????????????
5. ???????????????????
???????????????????????????????? [33]?
?????????????????????? [33]?(±l1,±l2, . . . ,±ls)
?????????? n?????????????????????
??????????????????? r = (r1, r2, . . . , rn)??????
????????????? y = (y1, y2, . . . , yn)????????yi? ri − ϵ
???∆2[i, ε]?????????ϵ ∈ L = {−ls,−ls+1, . . . ,−l10, l1, . . . , ls}??
???????? r????????? s = rHT ?????????E[s]
? s = eHT ?????????? e = (e1, e2, . . . , en) ∈ Ln????????
????????????????????E[s]??∑ni=1 = ∆2[i, e∗i ]??
??????????? e∗ = (e∗1, e∗2, . . . , e∗n)?????????????
?? c˜? c˜ = r − e∗????????
???????????????????????????????
????????????????????????????????
???????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????????????
????????????????????????????????
??????????????????????????????
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?5? ????????????
?????????????????????????????
5.1 ?????????PAPR??????
? 5.1? 19???????????????????????????
?????????????????????A??????????
??????A2???????????3A2? 4A2??????????
???????????? 1??????A =
√
19/48????????
??19???????????PAPR??4A2 = 1.583 (1.99 dB)????
??? 37???????A =
√
37/186???????????????
????????????PAPR? 1.79 (2.53 dB)????
????? 16QAM????PAPR??????M2-QAM????PAPR
?? (5.1)????????? [63]?M = 4????PAPR? 1.8 (2.55 dB)?
??????????????????????QAM? PAPR? 3??
????? [63]?
PAPRM2−QAM = 3
M − 1
M + 1
(5.1)
???????????????????19????????? 16QAM
???PAPR? 0.56 dB?????????????? 2????????
?????37???????PAPR??? 16QAM???????????
??????????????QAM???????????????
? PAPR???????????? 5.2????????????? n?
???????????????? PAPR[dB]???????????
QAM?PAPR? 3?????????????????????????
???? PAPR??????????????127??????? PAPR
? 2.05 dB????????????????????????????
????????????????????????????????
?????????????????????????????????
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? 5.1: 19?????????????????
? 5.2: ???????????QAM?????-PAPR?????
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????????????????????????????????
????????????????????????????????
?PAPR???????????PAPR???????????PAPR?
???????????????????????
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5.2 ?????????????????????
???????????????????????????????
??? (Additive White Guassian Noise, AWGN)?????????????
?????????????????????????????????
?????????????????????????????? 2??
?????????????????????????????WBAN
????????????????????????????????
????
? 5.3??????????????????????????????
?????BER????????Microsoft Visual Studio?Professional 2013
????? Visual C++ 2013????????????????Input?
????????????????????????????????
Encoding?????????????????????????????
????????????????????????????????
?????????????????
19????????????? 56/60?????? Cn11d?????
R = 2/3?????Ci19s??????????? 5.4??????????
?????????????????? 2?????????????
? 2????????? 2?????????????????????
?????????????? 2?????????????????
???1??????????????????????
???Modulation????????????????? 4??????
????????????????????????? 5.1??????
??19??37??61???????????????????????
? 5.3: ????????????????
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? 5.4: ????????
?????? 1??????A??????????????(0 1 9)??
??????????????(0.0, 0.0)?(0.629, 0.0)?(0.943, 0.545)???
??????????????????????????????QAM
????????????? 1?????????????????
?????????????????AWGN???????????
BER?????????????????????????????1
???????????????????????????????Eb/N0
??????????????? 1?????BER?????????
????????????????
???????????????????????????????
?????????????Demodulation???????Decoding???
??????????????????????????4??????
????????????????????????????????
?????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
???? 0◦???????60◦?? 120◦???????????????
????????? 2?????????????? e−jpi/3? e−j2pi/3??
?????????????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????? [37]????
????????????????????????????????
52
????????? [33]?????????????????????
????????????????????????????????
???????????????????????????? 19?? 61
????????????????????????????????
????????????????????????????????
?????????????????????????
????????????????????????????????
????????????????????????????????
????????Input???????????????????Eb/N0
???BER?????
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5.3 ???????????????
? 5.5??19??? 37??????????????????????
?????????????????????????????????
????????????????????????BER??????
????????????? 19??????????????????
19?????????????? (Modified???)??????????
??? 37????????????????????????????
(Modified???)???????
BER= 10−5??????????19???????????????
?????????? 0.1 dB??????????????????37
?????????0.1 dB????????????????????
????????????????????????????????
????????????????????????????
? 5.5: ??????????BER?????
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?????????????????? 4.3??? 4.4???????
????????????????????????????????
????????????????????????????????
PAPR?BER???????????????????????????
????????????? PAPR????????????????
????????????????????????????????
??????BER????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????????????
???????????????? 5?16?17????????????
?????????????
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5.4 ?????????????????????
??QAM???????????19???????????????
??????????????? BER???????? 16QAM???
??????
????????? 4.3??????????????????????
???16QAM??????? 4.1??????????? 3.10?????
?????????
???????????????? (±1,±7,±8)??????????
n = 3?????R = 2/3?????Ci19s??? (±1,±7,±8)??????
???? n = 3?????R = 1/3?????Ci19d??????? 16QAM
????? (±1,±3,±4,±5)?????????? 2????? Ci17s??
???
? 5.6?????? BER????????????????????
????? 16QAM??? BER?????????????16QAM??
?BER= 10−5?????Eb/No? 1.1 dB?????19?????????
16QAM?????????????????????????????
???????19????????????????????????
????????????????????????????????
?????19???????????QAM?????? BER????
????????Eb/No??????????????
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? 5.6: 19??????? 16QAM????????????????BER
???
57
???19???????????????PAPR??????????
????????????? 5.1????
????Ci19s???? 3????? 2/3??????????????
?? 2??????????? 1????? 4????????????
???????? 256??????????? (c1, c2, c3)????????
???????? 0?18???????????????? 5.1????
????? 5.2???????
??????c1? c2?????? 576A2?c3?????? 651A2????
????? 1803A2??????????? 256??? 1???? 3???
?????????????? 2.35A2????????? 4A2?????
???PAPR? 1.704??????????????Ci19d?PAPR????
? 1.6????????????????? PAPR??????
????????????????????????????????
?????????? 4.3? (5, 16, 17)???(0, 1, 18)?(0, 8, 11)????
0????? 2???? PAPR????? 1.5??? 0.1?????????
????????????????????????????????
????????????????????????????????
?? PAPR???????????????????????????
?? 4.3????????????????
? 5.1: 19?????????????????
Index 0 1 2 3 4 5 6 7 8 9
?? 0 A2 4A2 4A2 3A2 4A2 3A2 A2 A2 3A2
Index 10 11 12 13 14 15 16 17 18
?? 3A2 A2 A2 3A2 4A2 3A2 4A2 4A2 A2
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? 5.2: 19?????????????????
Index ????×?? (c1) ????×?? (c2) ????×?? (c3)
0 0 0 0
1 16 16 14
2 64 64 56
3 64 64 56
4 48 48 39
5 0 0 56
6 48 48 39
7 16 16 14
8 16 16 13
9 48 48 39
10 48 48 39
11 16 16 14
12 16 16 13
13 48 48 13
14 64 64 56
15 48 48 39
16 0 0 56
17 0 0 56
18 16 16 13
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5.5 ?????????????????????
???3????? 19?????????????????????
???????????????????????????????
????? 5.7? 19???????????????????????
?? BER????????????????????????????
??? 3 bit / ????????????????Ci19s??Ci19d????
?????Cn11d??Cn11t??????????????? 4?????
????????????????????????????????
Ci19d???????????????????Ci19s??????????
BER=10−5?????Eb/No? 0.4?? 0.7 dB?????????????
??????????????? t = 3???Cn11t??????????
???????????????Ci19d∗n11t??????????
? 5.7: ?????????????????????
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5.6 19???????16QAM?????????
???????????????
19??????? 16QAM????????????????????
???????????????16QAM??????????????
?????????????????? 5.8????19????????
????????????????????????????????
?????????????????????????????????
????????????3 bit / ????????
? 5.9? 19??????? 16QAM??????????????Ci19d∗n11t
???????? 16QAM????????????????Ci17s∗n11t?
????BER??????????????????????????
????????????????????????????????
?? 16QAM????????????BER= 10−5?????Eb/No? 0.5
dB???????????????????????????????
?????????5.1 dB????????????????
? 5.9?????????????? 16QAM???????????
???????Eb/No?????19???????????BER???
?????????????????????????????????
????????????????????????????????
?????????????Eb/No???? 16QAM?BER???????
???????????????????? 16QAM?????? 1/2?
??? 2?19???????????? 1/3???? 3?????????
??Eb/No???????19????????????????????
? 16QAM?????????????????????????????
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? 5.8: ???????????? 16QAM??????????????
???
? 5.9: 19??????? 16QAM?????????????????
???????
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5.7 19????????????????????
???
???19????????????????????????????
???????? 5.10???????????????BER??????
BER= 10−5??????(18, 12)???????????Eb/No?????
????????????????????????????????
Cr19?????Ci19d??????Ci19d∗r19???????????????
? 5.10: 19????????????????????????????
???????
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5.8 16QAM?????????????????
???????????
???19??????????????????? 16QAM????
?????????????????????????????????
???16QAM???????????????????16QAM????
????????????? n = 2???Ci17s????????????
???????????????????????????????
??BER?????????? 5.11????BER= 10−5??????(16,
10)???????????Eb/No?????????????????
??????????????Cr17?????Ci17s????Ci17s∗r17??
?????????Ci19d∗r19?????????
? 5.11: 16QAM?????????????????????????
???
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5.9 19??????? 16QAM????????
?????????????????????
??
? 5.12????????????Ci19d∗r19??????????? 16QAM
??????Ci17s∗r17?BER?????????BER= 10−5??????
????19?????????????16QAM???????? 1 dB?
????????????????????????????????
???????6.8 dB??????????????????????
????????????????????????????????
????????????BER= 10−5? 2 dB?????????????
?????????????????????????????????
????????????????????????????????
?????????????????????????????????
? 5.12: 19??????? 16QAM?????????????????
??????????????
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???????????PAPR??????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????????Ci19d?
PAPR? 1.6????????19??????????????????
??????? PAPR? 1.583????????(18, 12)????????
?????????????????????????????? 12?
? PAPR? 1.6??????? 6?? PAPR? 1.583??????????
PAPR????? 1.594???????????????????????
????????? PAPR???????? 1.594??????????
????? PAPR???????????????
????????????????????????????????
????????????????????? (0, 1, 18)??????? 0
?????? 2?????PAPR? 1.528???????????????
?????????????????????PAPR? 0.1??????
????????????????????????????????
????????????????????????????????
????????????????????????????16QAM?
PAPR? 1.8??????19??????????????????PAPR
?????????????????????????????????
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5.10 37??????????????????
?? 37?????????????? 5.13????????????
????????Cn19q?????Ci37d???????????????
Cr37??????????????????????????????
????????????????????????????????
??????1?????????????????????????
?????????????????????19??????????
BER????????????(36, 22)???????????????
BER= 10−5???????????????????????????
??????????????? 2.1 dB???????????????
??? 2.8 dB?????
???????????????Eb/No? 6.7 dB?????????
?????????????????BER??????????????
??19??? 37????????????????????????
?????????????????BER?????????????
BER= 10−5???????????????????????????
???????????????????BER???????????
????????
37????????????Ci37d? PAPR??19?????????
???? 1.807???????????Ci37d∗r37? PAPR????????
??????????????? 1.801?????
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? 5.13: 37??????????????????
68
5.11 61??????????????????
??????????61?????????????????? 5.14
????????????????? 64QAM????????????
????????????????????????????????
????????????????????????????????
????????BER???????????61??????????
(60, 38)????????????? 64QAM???? (63, 43)??????
???????????BER= 10−5?????????????????
????????Eb/N0?????? 8.6 dB??? 64QAM???????
???? 0.8 dB??????????????????19???????
????????????????QAM??????????????
????????????????????????????????
???PAPR?????61?????????????????? 61?
????? Ci61d????????? 7???????????????
??????????????????????????????PAPR
??????Ci61d???????PAPR??1.841???????Ci61d∗r61?
PAPR? 1.926?????
? 5.14: 61??????????????????
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5.12 ????????PAPR
??????????????QAM???????????????
?PAPR????????????????PAPR???????? 5.15
????19?????????? 2/3?????Ci19s???? PAPR??
??????? 0.12????????????????????????
????????????????????????????????
?????????????????? 0.011?? 0.019????? Ci19s
???????????????????? 1/3?Ci19d????????
???????????????????????37?????? 0??
???????? 0???????????????????????
????????????????????????????????
????????????????????????????????
PAPR???????????????????61??????????
????????????????????????????????
????????????????????????????????
????????????????????????????? PAPR
???????????????
? 5.15: ???????? PAPR
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5.13 ?????????????
????????????????????PAPR?????????
?N ????????????? PAPR????QAM? PAPR????
?????????????????????QAM?????????
????????????????????????????????
??????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
???????????????????????BER = 10−5????
?Eb/N0??????? 19?37?61?????????7.1 dB?7.7 dB?9.5
dB??????
?????19?????????????PAPR??????????
??????????????????????????19?????
????????????????????????????????
???WBAN?????????????
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?6? ??????????
WBAN????
???????????????WBAN?????????????
???????WBAN???????????????????????
?Kinect2???????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????WBAN????????
??????????
6.1 WBAN??????
???????????????????????????????
????????????????????????????????
???QAM???????????????????????????
?????????????????????QAM????PAPR??
???????????????????????????
? 1?????????????????????????????
????????????????????????????????
??WBAN?????????????
WBAN?????????????????????????????
???????????????????????????????
???
???????????????????????????????
????????????????????????????????
?????????????????????????????????
????????????????????????????????
?????????????????????????? [1]?????
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?????????????????????????
6.2 ????????????????
????????????????????????????????
?????????????????????????????????
????????? [64]?????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
???????? [64]?
???????????????????????????Microsoft
??Kinect2???? [65]?Kinect2?????????????????
????????????????????????????Kinect2?
?????????????????????????
6.3 Kinect2???????????
???????????????????????Kinect2? 2???
???????????????????? 6.1???????????
?????? 6.2(a)??? 6.2(b)????
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? 6.1: ?????Kinect2?????
??? 2??Kinect2? 5.8 m????0.83 m????????????
????????????????????????????????
??????????PC????LAN??????????LAN???
????Slave???????Master???????
Master???????????????iPi Soft??”iPi Recorder??
?????? [66]????????????????? iPi Soft??”iPi
MOSCSP STUDIO”?????????????????????
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(a)
(b)
? 6.2: 2??Kinect2??????(a)Master??(b)Slave?
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6.4 FDTD(Finite Difference Time Domain)??
???????
??????????????????? LAN??????????
????????????????????????????????
?????FDTD???? [67, 68]?
FDTD???? 6.3???????????????????????
?????????????????????????????
?????????????????????????? (6.1)???
??????????? (6.2)??????
∇×E(r, t) = −∂B(r, t)
∂t
(6.1)
∇×H(r, t) = ∂D(r, t)
∂t
+ J(r, t) (6.2)
????????????????????????????????
???????????????????? 6.4????????????
????????????FDTD??????????????????
???????? t = n∆t??????? k???????Enx (k)?????
? t = (n+ 1/2)∆t??????? (k+ 1/2)???????Hn+1/2y (k+ 1/2)?
?????????En−1x (k)?Hn−1/2y (k − 1/2)??Hn−1/2y (k + 1/2)??Enx (k)
?????????Hn+1/2y (k+1/2)??Hn−1/2y (k+1/2)?Enx (k)??Enx (k+1)
????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????? 1/10????????????????
????? [68]?
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? 6.3: FDTD???????
? 6.4: FDTD????????????????
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6.5 ????????
Kinect2?????????????????????????????
?????????????????????????????????
?????????????????????????????????
? EEM???????OpenFDTD????? [69]?Kinect2??????
????????????????????????????????
?????????????????????????????????
????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
? [70]??????????????????????????????
??????????????????????
???????????????????????????????
????????????????????????????????
???????????????? 6.5??????????????
????????????O?????????Q???? L?????
???????????????????????????P?????
??????H???????????? Q⃗? P⃗ ???????????
??????A????
???????????????????????A?? (6.3)???
???????????
A = |P⃗ × Q⃗| (6.3)
?????????????A = H × L??????????????
?H??H = A/L?????????????????????????
????????????????????????????
??????????????????????? 6.1????????
???????ISM(Industry Sciend Medical)???? 2400 MHz????
??????????????????????? ε???? σ?
35.194? 1.13667 S/m???????????????? 2.4 GHz????
?? 2/3???????? [71]??? 2/3??????????????
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? 6.5: ???????????
????????????????????????????????
????????????????????????????????
???? 2/3??????????????????? [72]??????
???? 8 mm??????????????????????????
????????????????????????????????
??????????????? 6.6????
? 6.1: ????????????????????
?? ?
??? 2.4 GHz
????? 8 mm
???? 35.194
??? 1.137 S/m
??? ??
??? ??????????
6.6 ???????
Kinect2??30????/?????????????????????
??????????? 4 /30?????????????????
? 6.7(a)-(d)?? 6.8(a)-(d)?? 6.9(a)-(d)????
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? 6.6: ??????????????????????
(a) (b)
(c) (d)
? 6.7: ??????? (??)?((a)?? (d)??)
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(a) (b)
(c) (d)
? 6.8: ??????? (??)?((a)?? (d)??)
(a) (b)
(c) (d)
? 6.9: ??????? (??)?((a)?? (d)??)
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6.7 ??????
???????????????????????????? (???
??????)??????????????????? [73]?????
??????? 6.10????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????????????
? 6.10?????????? 1.92?????????????????
????????????????? (Return Lossk, RL)???? [73]??
?????????????????? V0?????????????
?????????? V1?????????????????????
????? (6.4)?????????????????????????
?????????????????????????????
RL = 20 log10(V1/V0) (6.4)
??????????????????? 6.11????2.4 GHz???
????−15 dB?????????????????????????
????????????????????????
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? 6.10: ??????????????
? 6.11: ??????????????
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6.8 ??????????????
FDTD???????????????????????????? 2.4
GHz??????????????????????????????
?? (????????? 50Ω???G? 1.64???)?????????
????????????????????????????????
?????????
???????????E???????Pu?? (6.5)?????? [74]?
Pu = E
2/120pi (6.5)
?????????????Ae???????????Pr?? (6.6)?
??????? [75]?
Pr = Pu×Ae (6.6)
??????????????Ae????? λ??????? (6.7)?
???? [76]?
Ae =
G
4pi
× λ2 (6.7)
??????????????????? 50 Ω????????? Vr
????? Pr????? (6.8)????????
Vr =
√
50Pr . (6.8)
??????????????????????????? Vt???
??????? S21?? (6.9)?????????
S21 = 20 log(Vr/Vt). (6.9)
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(a) (b)
(c) (d)
(e) (f)
? 6.12: ??????????????????????? (a)?? (f)?
?????
6.9 ??????????????
OpenFDTD???????????????????????????
???????????????????? 6.12(a)-(f)????????
OpenFDTD??????Gnuplot??????????????????
????????????????????????????????
???????? (? 6.12(a)-(c))??????????????????
????????????????????????????????
??????
? 6.13????????????????????????????
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??????????1.2?? 2.7??????????????????
?????????????????????????????????
????????????????????2???????????
????????????????????????????????
??????????????????????????−30 dB???
????????????????????????????????
?????????????????????????????????
? 6.2?????????????????????????????
????????????
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? 6.13: ???????????????
? 6.2: ??????????????????? S21?????????
????
?? ??? [dB] ??? [dB] ??? [dB]
??? −82.1 −34.5 −42.7
??? −67.5 −49.6 −54.1
?? −32.6 −24.9 −28.7
87
6.10 WBAN???
? 1?????????WBAN???????IEEE 802.15.6?????
??? [1]???????GMSK(Gaussian Filterd Minimum Shift Keying)?pi/2
DBPSK?pi/4 DQPSK?pi/8 D8PSK?????????
GMSK???MSK?????????????? [27]????MSK??
????? 0.5??? FSK?????????????????????
GMSK??????????????????NRZ?????????
???????MSK????????????MSK?????????
????????????GMSK??? PSK??DBPSK???????
? (DPSK)????????
?????????ASK(Amplitude Shift Keying)??????????
???????????? FSK(Frequency Shift Keying)????PSK??
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
???????????????????????????????
????????????DPSK????DPSK???????????
??????????????????????????1??????
????????????????????????????????
?????? 6.14?????????????????????????
?????????????????????????????????
???????????????????????1????????
???????????????????????
GMSK???DPSK????????????????????PAPR
? 1???????????????????????????????
????PSK???????????????????????????
?DPSK??????????????????
IEEE 802.15.6?????????????????????????
???????????????? b(n), n = 0, 1, . . . , N − 1????????
WBAN???????????? S(k), k = 0, 1, . . . , (N/ log2(M))− 1???
88
? 6.14: DPSK?????
????????????????????????????
S(k) = S(k − 1) exp(jϕk)k = 0, 1, . . . , (N/ log2(M))− 1 (6.10)
????S(−1) = exp(jpi/2)????
ϕk??????????? 6.3?? 6.4?? 6.5????????????
??????????
???IEEE802.15.6???????????????(63, 51)BCH????
????? (31, 19)BCH?????????????BCH???????
???? (6.11)?????????
G(X) = 1 +X3 +X4 +X5 +X8 +X10 +X12 (6.11)
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? 6.3: pi/2 DBPSK
b(n) ϕk
0 pi/2
1 3pi/2
? 6.4: pi/4 DQPSK
b(2n) b(2n+1) ϕk
0 0 pi/4
0 1 3pi/4
1 0 7pi/4
1 1 5pi/4
? 6.5: pi/8 D8PSK
b(3n) b(3n+ 1) b(3n+2) ϕk
0 0 0 pi/8
0 0 1 3pi/8
0 1 0 7pi/8
0 1 1 5pi/8
1 0 0 15pi/8
1 0 1 13pi/8
1 1 0 9pi/8
1 1 1 11pi/8
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6.11 8PSK, D8PSK?????????????
??
IEEE 802.15.6???D8PSK? (63, 51)BCH?????????????
????????????????????????????????
8PSK???????????????Z8?????????±1???
??????? 3?????Ci8s????? [33]???????????
?????? (6.12)???????
Hi8s =
(
1 2 3
)
(6.12)
??? 8PSK?????????????? 6.15?????????
???
? 6.15: 8PSK??????????
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? 6.6: ?????D8PSK?????
b(3n) b(3n+ 1) b(3n+2) Iteger ϕk
0 0 0 0 pi/8
0 0 1 1 3pi/8
0 1 0 2 7pi/8
0 1 1 3 5pi/8
1 0 0 4 15pi/8
1 0 1 5 13pi/8
1 1 0 6 9pi/8
1 1 1 7 11pi/8
???D8PSK?????1???????????????????
?????? 6.5???????? 6.6????????????????
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6.12 ?????????D8PSK?BER?????
???IEEE 802.15.6??????????BCH???D8PSK????
?BER????????D8PSK?????BER???????????
??? 19????????????????????????????
?????BER??????? 6.16?????????????? BER
? 10−5??????????BCH???D8PSK???????????
??????????? 2.1 dB????????????????19?
??????????????BCH???????????? 7.1 dB?
???????????
? 6.16: D8PSK???? BCH???????????????????
BER?????
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????????? 7.1 dB???????????????RE???
???????TEXAS INSTRUMENTS???????????????
????? 4× 4mm?????? 2.4 GHzRF???????CC2500???
?? [77]?CC2500????????????????????????
???? 6.17??????????0 dBm?? 7.1 dB?????????
???????? 6 mA?? 7 mA??????????????????
???????????????CC2500???????????? 1.5
?????? 6.17??????????-20 dBm?????????? 10
mA???????????????????????????????
???????????? 10 mA?????????????????
????????????????????????????????
????????????????
? 6.17: 2.4 GHz RF??????CC2500????? vs?????? [77]
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6.13 ?????BER???????
????????????????? S21???????BER???
???????BER???????????????????????
???????????????????????BER???????
????????? [78, 79]????????????????????
????BER???????
????????? 6.18????????????????????
N0?????????????? (??????)??????S21??
?????????????????????????Eb??????
S21????????????
???? 6.19?????????????????BER???????
???S21????????????????Eb/N0??????????
?????????????BER?????????Eb/N0?????
BER??????????????????????? S21?−35 dB??
?????????? 40 dB???????????????????+5
dB??????????????BER?Eb/N0? 5 dB?????????
???S21?G?????????Eb/N0? 0 dB??????????
??G??????????Eb/N0????????????????
??????????N0????????????
??????????????????????????????BER
????????
?????????????? S21????????????????
? 6.18: ??????????? S21??????????????G?
????N0
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?????BER?????????Eb/N0??????????????
Eb/N0?????BER? 0.5????BER? 10−6????????????
???????
? 6.20????????????BER????? 10−6??????BER
?????????BER?????????????????????
????? 2????????BER????????????????
??????2????????????????????BER????
?BER????1?????????? 2.7?????????????
????????????????????????????????
?????? S21???????????????? 6.13???????
2.7?????????????????????????? S21???
??????????????? 6.16??Eb/N0??????? 6.16??
?????Eb/N0?????????????BER??????????
???????????????BER???????????????
??????????????????????2????????2.7?
?????????????????????
??????????????50 dB??????????? 6.21??
?????? 6.20?? 6.21????????????????????
???????????????????????????????? 43
dB??BER? 10−5??????? 1???????50 dB?????? 6
??????
?????????????????????BER? 10−5?????
?????? 80 %????????????????????????
???????????????????????????? (????
? 6.19: ????BER???????
96
? 6.20: BER????? (???????? 42 dB)
? 6.21: BER????? (???????? 50 dB)
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?????)? 65.4 dB?????????BER??????? 6.22????
????????????????????????????BER??
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????
??????D8PSK???BCH???D8PSK???????????
?? 72.5 dB? 70.4 dB?????
???????????BER? 10−5??????????? 80 %??
????????????????????????????????
?????????? 66.5 dB?????????BER?????? 6.23
???????? S21?? 6.13???????????????????
BER???????????????????? S21?????????
?????BER?????????????????????????
?????????????????????????????????
????????????????????????????????
?????????????????????????????????
?????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
? S21??????????????????????????????
????????????????????????????????
????????????????????????????????
F???????? F???????????????????????
????????????? [80, 81]???????? F???????
??????????????????????????? [82]???
????????????????????????????????
????????????????????????????????
?????????????????
?????????D8PSK???BCH???D8PSK????????
????? 73.6 dB? 71.5 dB?????
???????????????????????????????
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? 6.22: BER????? (???????? 65.4 dB)
? 6.23: BER????? (???????? 66.5 dB)
99
? 6.24: BER????? (??????? 38.1 dB)
?????????? 38.1 dB???????? S21??? 2??????
???????????????????????????BER???
???? 6.24??????????????????????????
???????????????????? 2???????????
????
?????????D8PSK???BCH???D8PSK????????
????? 45.2 dB? 43.1 dB?????
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? 6.7: ????????????????? [dB]
BCH(D8PSK) ???? (D8PSK) ?????????
??? 72.5 70.4 65.4
??? 73.6 71.5 66.5
?? 45.2 43.1 38.1
??????????????????????????????
? 6.7?????????????????????????????
???????????????D8PSK??????????? 5 dB?
??BCH?????? 7.1 dB???????????????????
???? 6.16??????????????????????
101
6.14 ??????????WBAN??????
??
????????WBAN????Kinect2?????????????
??????????????????????????? FDTD??
????????????????????????????????
??? S21???????????????????????????
????WBAN????????IEEE802.15.6??????D8PSK??
BCH??????????????????????????????
??????D8PSK??????????????? 19???????
??????????????????????????BER????
????????????????????????????? 2.1 dB?
??????????? 7.0 dB??????????????????
? 2.4 GHz RF??????CC2500?????????????????
???????????? 7.0 dB???????????? 1.5 ???
????????????????????????????????
???????????????????????????????
????????? S21????????BER???????????
???????????????BER?????????BER????
???????BER???????????????????????
????????????????????????????????
?????????????BER??????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
??????????????
102
?7? ??????
7.1 ??????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
???????
??????????????????????????????
PAPR?????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????APSK?
????????????????????????????????
????????????????????????????????
???????????? 2???????????????????
?????????????
????????????????????????????????
?????????????????????? ZA???????8PSK
?QAM????? 19??37????????????????????
?????????????2??????????????????
????????? 2m??????????????????????
????????????????????????????????
???????????????????PAPR???QAM?PAPR?
???????????? PAPR?????????????????
?????????????????????????????????
???????????????QAM??????????????
??????????????????????
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????16QAM? 19??????????64QAM? 61???????
BER??????????????????????????????
?????????????16QAM? 19??????????????
????????????????????????????????
????????????????????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
?????????????????????????????????
?????
19??????? 16QAM????????????????????
?????BER=10−5?????????????????? 0.5 dB??
?????????????????????? 1 dB????????
????????????????????????????????
???????????????37???????????BER=10−5
? 0.7 dB?????????????
?????????????61??????? 64QAM???????
????????????????????????????????
??BER=10−5? 0.8 dB?????????????
?????????????QAM?????????????????
?????????????BER??????????????????
???????????????????????????????
?????????????????????????????
PAPR?????????????19???????????????
?????????????WBAN??????????????
7.2 ??????????WBAN????????
?????????????WBAN???????????????
???WBAN??????????????????????????
????????????????????????????????
?????????????????????
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????????????????????????????????
????????????????????Kinect2??????????
???????????WBAN??????????????????
??????????????OpenFDTD?????????????
?????????????????????????????????
??????????????????????????ISM????
2.4 GHz?????????????????????????????
????????????????? 1 V??????????????
????????????????????????????????
??????????
???WBAN??????????? D8PSK?? (63, 51)BCH???
D8PSK??????? 19????????????????????
?????????????(63, 51)BCH??????????? 2.1 dB?
?????????? 7.0 dB????????????????????
???????? 2.4 GHz??????????????????? 6 mA
??????????????? 1.5 ???????????????
????????????????????????????????
????????????????????????????????
????
???????????????????BER???????????
BER? 10−5???????????????????????????
????????????????????????????????
??????????????????????????BER????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????
7.3 ?????????
???????????????????????????????
????????????????????????????????
????????????????????????????????
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????????????????????????????????
?????127?? 271??????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
?????????WBAN????????????????????
?????????????????????????????????
????????????????????????????????
???????????????????
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??
???????????????????????????????
???????? ?????????????? ?????????
????????????????????????????????
????????????????????? ???????????
????????????????????????????????
???????????????
???????????????????????????? ???
???????????Kinect2??????????????????
??????????????????
???????????????????????????????
????????????????????????????????
??????
???????????????????????????????
????????????????????????????????
????????????????????????????????
????????????????????????????????
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